In S. cerevisiae, mutations in genes that encode tion [10] . As both telomerase-independent pathways for telomere maintenance depend on recombination, we telomerase components, such as the genes EST1, EST2, EST3, and TLC1, result in the loss of tested whether the increased recombination of sgs1 strains affected survival in the absence of telomerase. In 40 out of 40 independent isolates, the sgs1 est2 strains gave rise only to type I survivors (Figure 1 ). This is signifi- ( Figure 1 ). This appears to be qualitatively different from the variability seen in est2 cells [4] , where both fragments always appear to increase in intensity. In sgs1 est2 one of the two fragments was often reduced in copy number or Current Biology 2001, 11:125-129 was lost entirely (see lanes 6 and 7 in Figure 1 ). Two interpretations of the lack of type II survivors in sgs1 est2 strains are possible. The first interpretation is that Sgs1p is required for type II survival. The second is that the frequency of type I survival is elevated in sgs1 mutants,
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Results and discussion

SGS1 is required for telomere elongation in the absence
and this heightened frequency obscures any type II events that might arise. YЈ recombination increases in sgs1 mu-
of EST2
In a previous study [10] , we assessed the role of Sgs1p tants [10] , and this could enrich for type I survivors. Given that type II survivors tend to grow better than type I in the maintenance of telomere structure and found no obvious defects in sgs1 strains. However, we found a gensurvivors and that this results in type I cultures switching to type II [5] , we tested this second explanation by propaeral increase in recombination in sgs1 strains in a number of assays, including those for telomere and YЈ recombinagating survivors for a further 300 generations. Continuous subculturing of 12 of the type I survivors from est2 strains resulted in a switch to type II in eight cases ( Figure  2a ). In contrast, 24 type I survivors from sgs1 est2 strains remained type I after 300 generations of continuous propagation (Figure 2b ). This is significantly different from the 75% switches to type II seen in the est2 survivors (p ϭ 0.00071, Fisher's exact test). We conclude, therefore, that SGS1 is required for type II survivors to arise.
SGS1 is in the RAD50-dependent pathway leading to type II survival
It is known that type I and type II survivors arise via a RAD52-dependent recombination mechanism [4] [5] [6] [7] . We could not recover survivors in sgs1 rad52 est2 strains despite culturing large numbers of cells. In contrast, all cultures of est2 and sgs1 est2 strains gave rise to survivors. This excludes the possibility of the RAD52-independent recombination, previously seen in sgs1 strains [10] , having any role in survival in sgs1 est2 strains. The RAD52-dependence of telomere maintenance in the absence of telomerase can be genetically divided into two pathways defined by RAD50 and RAD51 [7] . It has recently been shown [6] that rad51 tlc1 survivors are type II, while those of rad50 tlc1 strains are type I. We tested the role of SGS1 in these two genetic pathways. The rad51 sgs1 est2 strains rapidly underwent senescence, and no survivors were recovered ( Figure 3a) . These results further support the conclusion that SGS1 is required for type II survival. However, type I (and only type I) survivors were recovered in sgs1 rad50 est2 strains (Figure 3a) . We conclude, therefore, that SGS1 is in the same pathway as RAD50 but YP1, which has numerous YЈs, some of which exist in are two fragments (upper arrows) representing tandem arrays of short tandem arrays [11] . In YP1 the YЈs are separated from the (YЈ-S) and long (YЈ-L) YЈ elements. These can vary in intensity in adjacent subtelomeric region by short tracts of TG 1-3 [12] .
different survivors, but both generally increase in copy number [4] in
In contrast, in strain Y55 there are fewer YЈs and no tanest2 survivors. The type I survivors from the sgs1 est2 strains show qualitatively more variable tandem fragment intensities, as seen in lanes dem arrays [11] , and no internal tracts of TG 1-3 have been 6 and 7. The type II survivor is typified by several terminal restriction identified [12] . A prediction based on this genomic organifragments ranging in size from 1 kb to many kb, each representing a zation is that the majority of survivors in Y55 est2 strains long telomere tract addition to an individual chromosome end.
would be type II and that, therefore, SGS1 would be required for survival of these strains. Indeed, only one in ten early survivors of Y55 est2 strains appeared to be type I. More significantly, the sgs1 est2 Y55 strains exhibited rapid ence in telomere structure between telomerase-maintained senescence, and survivors were rare (Figure 3b ). These chromosome ends and eroding ends in telomerase-defifindings further support the role of Sgs1p in type II surcient cells. With normal yeast telomeres, there is a highly vival.
regulated cycle of addition and removal of telomere repeats that maintains a narrow telomere size range. This process involves a number of proteins, including the Does Sgs1p process an eroding telomere-specific structure?
Rad50p/Xrs2p/Mre11p complex, the Ku70p/Ku80p complex, Rap1p, the Rif1p/Rif2p complex, and the telomerase The apparent absence of a role for Sgs1p in normal telomere maintenance [10] and its seemingly paradoxical recomplex (Est2p, TLC1, and accessory factors Est1p and Cdc13p) [13] . These highly regulated nucleoprotein strucquirement for the type II pathway may be due to a differ- tures may not allow access to the machinery necessary for recombination-based telomere maintenance in the absence of telomerase. It has been reported that Rif1p and Rif2p, which are inhibitors of telomerase, repress the telomere-telomere recombination that gives rise to type II survivors [6] . Hence, in the absence of both Rif1p/2p and TLC1, only type II survivors are found [6] . One suggestion [6] is that extra-chromosomal telomere repeat-containing circles could recombine with the critically short telomeres (i.e., those with loss of Rif1p/2p association, which then allows access to a Rad50p complex) to generate the type II survivors. This recombination is RAD50-dependent but RAD51-independent, as we see in sgs1 strains.
We propose (Figure 4 ) that type II survivors arise from inter-or intra-telomere interactions involving a 3Ј overhang of TG [1] [2] [3] repeats. In this model Rad50p is required for the invasion of the 3Ј overhang directly or for the generation of the 3Ј overhang prior to invasion. Sgs1p is then required either for the formation of the D-loop, which allows DNA synthesis to be primed from the invading end ( Figure 4, step 2) , and/or for migration of the D-loop structure, which enables DNA synthesis to proceed to the end of the chromosome. This process is analogous to break-induced replication (BIR), one proposed mechanism for repair of double-stranded DNA (dsDNA) breaks [14] . However, in at least one system that requires extensive replication up to the end of the chromosome, BIR does not require Sgs1p [15] . If the type II mechanism is BIR, then Sgs1p must be an additional component and the Rad50p complex has accessibility [6] . Replication primed from this structure could directly result in the An intriguing possibility for this mechanism is the T-loop abrupt elongation [5] seen in type II survivors. Alternastructure seen at telomeres in human and mouse cells [22] .
tively, it could generate the extra-chromosomal circles Although a similar structure has not yet been reported for that have been proposed as the template for a rollingyeast telomeres, some researchers have proposed loop and circle replication mechanism of telomere elongation [6] . fold-back structures for yeast telomeres to explain the repression of nearby genes [23, 24] and the rapid deletion of long telomeres [25] . A T-loop structure may not be The Sgs1p and Rad50p-dependent type II survival mechanism in yeast could be analogous to the process whereby possible in normal telomeres, but in eroding telomeres the end may be free to form the necessary invasion. This elongated telomeres arise in some mammalian cell lines lacking telomerase activity, the so-called ALT pathway. invasion may only occur when a critical length is reached LEU2 or LYS2 as previously described [10] . Disruption of EST2 with 
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